We report the first magneto-optical trapping of radioactive 135 Cs and 137 Cs and a promising means for detecting these isotopes to ultrasensitive levels by using a magneto-optical trap (MOT) coupled to a mass separator. A sample containing both isotopes was placed in the source of a mass separator, ionized, mass separated, and implanted in a Zr foil within the MOT cell. After implantation, atoms were released from the foil by inductive heating and then captured in a MOT that used large diameter beams and a dry-filmcoated cell to achieve high trapping efficiency. MOT fluorescence signals were measured for trapped-atom numbers from 10 4 to 10 7 and were found to increase linearly with the number of atoms implanted in the foil. . At present, the overall sample detection sensitivity is < 1×10 6 atoms.
system efficiency of 5×10 −3 , a precision of potentially 4% to the ratio 137 Cs/ 135 Cs, a detection limit of 8×10 5 Cs atoms, and a selectivity of >10 12 to 135, 137 Cs for a performance similar to the best available AMS-and RIMS-based methods in ultrasensitive detection. The high isotopic selectivity is owed in part to the nearresonant spectroscopic processes governing the capture of atoms within a MOT, and the reader is referred to the many excellent reviews describing their operation. 15−17 Our high-efficiency MOT, developed in synergy with needs for trapping short-lived isotopes of Rb, 18−21 draws from the work of Stephens and Wieman. 22 Compared with atomic-beam based systems, 11, 12 our use of a mass separator offers a higher transfer efficiency of atoms from sample to MOT. Gas loading of the MOT cell (which degrades MOT performance and signal) is also substantially less, with an essentially isotopically pure beam entering the cell. Figure 1 shows an overview of the coupled system of mass separator and MOT. Cesium, with mass numbers 133, 135, and 137, was loaded as cesium carbonate (Cs 2 CO 3 ) into a tantalum crucible for the mass-separator source. Dual electron-beam bombardment of the crucible, with one beam controlling the vaporization rate and the other the ionization rate, liberates Cs vapor from the carbonate source and produces Cs + . The Cs ions are extracted electrostatically, accelerated to 20 keV, and focused with a quadrupole triplet through a 90° bending magnet to the focal plane of the mass separator where a single mass is selected. A second quadrupole triplet focuses the mass-selected ions into the MOT cell, a quartz cube of 7.6 cm per side that is open to the mass separator through a 5-mm diameter hole centered along a vertical edge. The ion beam traverses the horizontal diagonal of the cell and is focused and implanted into a metal catcher foil located opposite the cell opening. After a suitable implantation period, the foil is inductively heated to release the collected atoms as a neutral vapor. 18 Picoammeters are used to measure the ion current at both the catcher foil and at a 5-mm I.D. metal collimator that is positioned along the ionbeam axis just before the cell opening. The collimator and catcher foil are located coaxially along the ionbeam path, with the collimator serving to trim the diameter of the ion beam before it enters the cell. We steer and center the ion beam on the foil by maximizing the ion current measured at the foil while minimizing the ion current at the entrance collimator. Earlier studies showed this method of ion-beam steering to be easily capable of centering the focused ion beam of measured 1 mm diameter fully within the foil diameter of 6 mm.. Our previous studies determined that Rb atoms were ionized and transported to the foil with an efficiency of 35% [ref. 18] , and we expect this efficiency applies as well to the case of Cs atoms.
MASS SEPARATOR AND MOT
The catcher foil consists of Zr of 6 mm φ × 25 µm thick backed by a tungsten disc of equal diameter and 50 µm thick. A short molybdenum wire (180 µm φ) suspends the catcher foil within the cell and conducts the ion current outside the cell for measurement. As Fig. 1 indicates, the foil resides within a cylindrical quartz port of 20 mm O.D., 7 mm I.D and 2.5 cm long, around which a coil is wound and powered at ~7 MHz (and ~20 W) for ~10 s to inductively heat the foil and release the implanted atoms. We assume, from earlier studies on the release of Rb atoms, 23 that roughly 45% of the implanted Cs atoms are released when the catcher foil is heated to 800 °C and that the majority of the released atoms are neutral.
Our high-efficiency MOT, described previously, 18 uses three retroreflected pairs of mutually orthogonal laser beams directed horizontally and vertically along the face-normal axes of the quartz cell. Along the vertical axis, the cell is centered within a pair of annular electromagnetic coils (13.5 cm I.D.) in an antiHelmholtz configuration that provide a quadrupole-field gradient of 7 G/cm.
We distinguish our MOT as "high efficiency" for its key attributes of (1) large-diameter laser-trapping beams and (2) an inert dryfilm (anhydrous) coating over the cell interior. The former augments the loading rate of atoms into the trap, as the loading rate scales with the fourth power of the beam diameter. 16 Through the 7.6-cm square windows of the MOT cell, we pass 4.5 cm diameter beams (1/e width), which are larger than the beam diameters of 1-2 cm typically used in MOTs. The dryfilm coating greatly minimizes the loss of Cs to the cell walls, ideally ejecting a Cs atom back to the vapor on each wall collision for another chance to be trapped. Wall collisions also serve to reduce the atom kinetic temperature to "room temperature" after release from the hot (~800 °C) foil, thereby increasing the fraction of atoms having speeds within the range of capture by the MOT. Presently, we use the dryfilm coating SC-77 (Silar Laboratories). Approximately 3% of the atoms released from the foil are captured by the MOT, as we will later show.
MOT Operation
Stable cesium ( 133 Cs) was first captured in a MOT in 1989 [ref. 24] and has since become a staple of optical-trap research. However, to our knowledge, no other isotope of Cs (none of which are stable) has been trapped in a MOT prior to this work. 13 Figure 2 shows an energy diagram relevant and in common to the optical trapping of isotopes 133, 135, 137 Cs within the hyperfine structure of the 6
given that all three isotopes have a nuclear spin of 7/2. Listed in Table 1 for each isotope is the centroid frequency (ν c ) and the energy (δ F ) of the hyperfine level (F) relative to the fictitious unsplit level, designated by a dashed line in Fig. 2 . The frequency ν(F′←F ″) of an absorption transition is then calculated from
where superscripts of double-and single-prime assign the associated F to the lower and upper state, respectively. The ordering of hyperfine levels in transition labels used here is consistently F ′ before F ″, with the direction of the intervening arrow indicating whether the transition is in absorption (left arrow) or emission (right arrow). From Table 1 (constructed from refs. [25−30] ) and Eq. (1), we determine the transition frequencies νtrap and νrepump that together effect a closed cycling transition as required for cooling and trapping. The trapping frequency, νtrap, is tuned to the main cycling transition of 5 ← 4 but occasionally excites 4 ← 4, which subsequently removes atoms from the main cycling transition upon spontaneous emission of 4 → 3. A second (or repump) frequency, νrepump, tuned to 4 ← 3 then returns atoms back to the main cycling transition following their spontaneous emission of 4 → 5.
Laser Setup
As shown in Cs vapor cell that is 7.5-cm long and maintained at 10 C. Separate beams, one passing through the EOM and onto a photodiode detector and the other through the SP-AOM, are sent counterpropagating across the cell to obtain saturated, Doppler-free absorption spectra in the manner of Hall et al. 31 Figures 4a and 4b show the −5689.99 MHz [29] saturated-absorption spectra of 133 Cs obtained for transitions within F ′ ← 4 and F ′ ← 3, respectively. The features, appearing as first derivatives of resonance lines, are labeled by transition. Cross-over transitions 32 to frequencies between two upper levels (F ′ 1 and F ′ 2 ) are designated by
We actively stabilize the laser frequency against specific zero-crossing points, or lock points, in the saturation spectra. Zero crossings in the F′ ← 4 spectrum (Fig. 4a ) are used to lock the trapping laser, and crossings in the F′ ← 3 ( Cs spectra. The difference (∆) between the needed laser frequency and a nearby lockpoint frequency is precisely covered by the two AOMs-one SP-AOM and one DP-AOM-in each reference-frequency circuit. The lock points used in the trapping of each isotope are labeled in Fig. 4 Cs by adjusting only the frequencies of the DP-AOMs, from which the twice-diffracted beams emerged unchanged in direction with changes in AOM frequency. Cesium-133 was trapped by using the retroreflected carrier passing through the double-pass AOM arrangement. The AOM settings provided in the case of trapping all isotopes a trapping frequency nominally shifted from resonance of 5 ← 4 by −18 MHz, which we found to be the optimal detuning for operation of our Cs MOT. Specific detunings in the case of trapping 
MOT-SIGNAL MEASUREMENTS AND ANALYSES
Fluorescence from the cloud of atoms trapped in the MOT was collected through a cell window at f / 7. Cs are labeled and located by bold vertical lines. Circled zero-crossings of the spectra are used for laser-frequency amplifer combination (Advanced Photonix, model 394-70-72-641) of measured responsivity R = 1.72 mV/nW at 852 nm. A narrow-band interference filter (10 nm fwhm about 850 nm, 50% transmission) and a 1-mm φ field stop at the avalanche photodiode (APD) helped minimize unwanted signals from background and scattered light. By dithering the frequency of the trapping laser, we modulated the fluorescence of the trapped cloud against a persistent but constant background signal owed to laser scatter off the cell walls. A sinusoidal dither at 170 Hz of the laser frequency over ±10 MHz about the trapping frequency produced a 65% modulation of the MOT fluorescence detected by the APD. The modulated APD signal was demodulated by a lockin amplifier, and the lockin output was converted to the peak of the modulated APD fluorescence signal (S F ) through measured calibration factors. Under the reasonable assumption of a two-level atom, S F is related to the number of trapped atoms (N T ) by
where Γ = 3. 
MOT Signal Following Foil Release
The solid line of Fig 5a shows the MOT fluorescence signal of 135 Cs obtained as 135 Cs is released from the catcher foil during a ~9 s heating period (Fig. 5b) . In Fig. 5a , the MOT fluorescence signal from the lockin amplifier (operating with an integration time of 30 ms) has been converted to the number of trapped atoms by Eq. (2). The rise and fall of MOT fluorescence signal occur as the released atoms are captured in the MOT and then eventually expelled, primarily by collisions with the background gas. Figure 5b shows the foil temperature during the heating pulse as measured by an optical pyrometer with a 10 Hz frequency response. The minimum temperature measurable by the pyrometer of 400 °C is indicated in Fig. 5b by the dashed horizontal line. Both the MOT and pyrometer signals were sampled by analog-to-digital converters at 10 Hz, which was sufficiently fast to capture the profiles of MOT fluorescence and foil temperature of time constants >2 s. Shown by the dashed line in Fig. 5a is the vapor-fluorescence signal we observed during the heated release of 133 Cs from the foil with the lasers tuned for trapping 135 Cs. Given this laser tuning, no Cs fluorescence signal to (1) represent the temporal envelope of atoms released into and evacuated from the cell and (2) determine the isotopic detection selectivity of 135 Cs over 133 Cs. Zero time for both traces of Fig. 5a was set at the instant of foil heating. The measured foil-temperature curve associated with the vapor signal is not shown but is essentially identical to that of Fig. 5b .
During the period of ion implantation prior to atom release, the ion current (i) at the catcher foil was steady and was measured with a picoammeter for later integration to yield the number of implanted atoms (N I ).
To convert integrated current ∫ idt to N I , we used a measured factor of 2.5 for secondary electron release to account for an additional current owed to the release of electrons from the Zr-W catcher foil on bombardment by the 20 keV ion beam. The number of implanted atoms were then calculated from N I = ( ∫ idt)/1.6×10 −19 /(1 + 2.5). For example the solid line of Fig. 5a followed from the implantation of 135 Cs + into the foil and is associated with a measured integrated current at the catcher foil of 220 pC, which we convert (as noted in the figure) to 3.9×10 8 implanted atoms of 135 Cs. The dashed line followed from the implantation of 1.8×10 13 133 Cs atoms. The magnitude of the MOT-signal anywhere along its temporal envelope is proportional to N I . In later establishing this proportionality between MOT signal and N I , we will consistently reference the peak MOT signal as it offers the highest signal-to-noise ratio along the envelope.
Vapor Fluorescence Signal and Cell-Coating Performance
Before the foil temperature (Fig. 5b) 
Isotopic Selectivity
The crosshair in Fig. 5a Figure 6 shows data obtained during a repeated sequence of (1) implanting 135 Cs ions from the mass separator into the MOT catcher foil, (2) heating the foil to release the atoms and capturing the released plume in the MOT, and (3) heating the foil and MOT-capturing atoms for a second time to determine the signal level of background release from the foil. The individual events of ion implantation and foil heating are labeled in Fig. 6 . The bottom panel shows the measured foil temperature, and the top panel shows the raw fluorescence signal converted to the number of trapped atoms by Eq. (2). For the data of Fig. 6 , the measured 6-beam irradiance was 20 mW/cm 2 for I /I sat = 7.4. During an implantation period, the ion current was steady and measured with a picoammeter for later integration. By using a range of implantation periods for several different settings of the mass separator source current, we varied the number of implanted atoms (N I ) over a factor of about 600, producing a similar variation in the peak number of atoms trapped ( peak T N ). As mentioned earlier, the integrated current was corrected for secondary electron emission to yield the number of implanted atoms. Data for the case of trapping 137 Cs was obtained by the same sequence shown in Fig. 6 and was analyzed similarly. For trapping either isotope, the background release from the foil represented a roughly constant level of 2×10 4 trapped atoms and could be subtracted with an uncertainty as small as ±4 × 10 3 atoms. 
DETECTION LINEARITY AND SYSTEM EFFECIENCY

Measurements
DISCUSSION OF ISOTOPE-RATIO APPLICATION
N
and N I is isotope independent. From the excellent linearity displayed by the measurements of Fig. 7 , the first criterion appears to be met over a wide dynamic range from several million to, in principle, several trapped atoms. The second criterion concerns possible, unanticipated differences with which the isotopes get released from the foil, captured by the MOT (even though operated with equal laser detuning and total irradiance for trapping either isotope), and detected. Ideally, the data of Fig. 7 for the separate cases of detecting 135 Cs and 137 Cs would yield identical slopes (m) when least-squares fit to a straight line. We find this ratio of best-fit slopes-determined as 135 137 m m -to be nearly unity at 1.04± 0 .11 (error of ±2σ). Within uncertainty limits, the measured slope ratio contains the ideal value of unity and supports an isotopic independence in mechanisms of foil release, MOT capture, and detection. However, we consider the measured slope ratio to indicate that our error in an isotope-ratio measurement would be 4% at present. The error in the slope ratio of 11% reflects the present degree with which we account for factors that influence MOT performance and could be reduced through continuous and more precise monitoring of laser power. We note that our reported error for an isotope-ratio measurement of 4% reflects the present level of certainty in the MOT-based detection of measured numbers of atoms implanted in the foil. In practice, particularly at ultratrace levels of the isotopes when N I will not be measurable, the error in a measured isotope ratio must also consider the operational stability of the mass separator.
SUMMARY
We applied our mass-separator/MOT system to the first magneto-optical trapping of . Our somewhat high MOT detection limit of 4000 trapped atoms is limited primarily by a low-level background release of atoms that we are presently seeking to reduce. Nonetheless, when combined with an overall transfer efficiency from source to MOT of 0.5%, this MOT detection limit provides a sample sensitivity of 8×10 5 Cs atoms that compares favorably with sensitivities achieved by AMS-and RIMS-based systems.
We have traced the background-signal source to the 25-µm Zr catcher foil itself, wherein we believe the unreleased atoms (a substantial ~50% of the implanted atoms) accumulate, diffuse, and later release. The use of much thinner Zr foils, which we are currently testing, should significantly reduce the volumetric retention of atoms in the foil and thereby improve the MOT detection limit. A procedure of "baking" the foil for short periods at temperatures greater than those used for atom release, we have found, leads to a greatly reduced background signal when the foil heating is resumed at the nominal release temperature. By using either thinner foils, intervals of high-temperature foil heating, or both, we are hopeful of reducing the background foil-release and improving the MOT detection limit by an order of magnitude to < 400 trapped atoms.
